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CALC IUM PHO SPHATCCQATFn V-FSKXES 

The present invention relates to coating materials comprising calcium 
phosphate, processes for their preparation and their use in coatings. The invention in 
particular relates to vesicles or hydrophobic droplets comprising an outer layer which 
comprises calcium phosphate, their preparation and their use in, for example, the 
coating of implants and drug delivery. 

Porous monolithic ceramics based on hydroxyapatite (HA) have been shown 
to aid in osteoconduction of bone when implanted into a bony defect. However, they 
are too brittle to use in structural applications. 

One way to overcome this problem is to coat a metallic implant with HA. The 
HA provides the bone bonding capacity while the metal provides the structural 
support. Unfortunately, many common methods for producing coatings require 
elevated temperatures which result in undesired effects such as degradation of HA to 
various calcium phosphate phases depending on the stoichiometry of the starting 
powder and the cooling rate on coating formation [R. LeGEROS, Clinical Materials. 
14 (1993) 65]. 

Implant materials may be plasma sprayed with hydroxyapatite prior to being 
exposed to the biological environment. However, use of plasma-sprayed coatings [K. 
de GROOT, J. Biomed Mat. Res. 21 (1987) 1375] has shown that high processing 
temperatures are responsible for the drawbacks experienced with such coatings. The 
drawbacks include, for example, variable compositions, lack of control over the 
microstructure, and cracking and delamination of the coating from the substrate. The 
lastircvo effects also arise due to the relative thickness of the coating resulting in poor 
mechanical properties across the coating thickness. In addition, plasma-sprayed 
coatings offer none of the porosity required to encourage bone ingrowth. They also 
require expensive processing equipment. 

In order to utilise a wider range of substrates than the metals traditionally 
used, it is desirable to be able to use a coaling method that does not require elevated 
processing temperatures. This would allow the use of materials that are traditionally 
considered bioinert, but which may have the necessary strength and toughness to act 
as implant materials. Several such methods exist, and include a biomimetic process 
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[T. KOKUBO, in "Bone-Bonding Biomaterials" (Reed Healthcare Communications, 
Netherlands, 1992) 102] and electrophoretic deposition [M. SHIRKANZADEH, M. 
AZADEGAN, V. STACK and S. SCHREYER, Materials Letters. 18 (1994) 211]. 
However, these methods are substrate specific, and in the case of the biomimetic 
process the time period required for apatite growth is significant. 

It is also advantageous to incorporate a degree of porosity into the coatings to 
encourage bone ingrowth in an implant situation. To achieve such ingrowth the 
porosity must be on a scale compatible with bone regeneration. 

The present invention provides coating materials comprising calcium 
phosphate which overcome the problems discussed above. They may be used to coat 
substrates at low temperatures while offering a high degree of control over both the 
coating thickness and the degree of porosity. Such a low temperature method also 
allows the incorporation into the coating of other compounds which would undergo 
degradation at high temperatures such as, for example, heat sensitive 
pharmaceutically active compounds. 

hi a first aspect, the present invention provides a vesicle comprising 

a) an inner layer which comprises a phospholipid, and 

b) an outer layer which comprises calcium phosphate. 

The phospholipid comprising the inner layer is any phospholipid capable of 
forming vesicles in an aqueous mixture, or a mixture of such phospholipids. 
Preferably the phospholipid is L-a-phosphatidylserine. More preferably the 
phospholipid is L-a-phosphatidylcholine. 

The outer layer may further comprise other ions which can be incorporated to 
modify the properties of the calcium phosphate including anions such as carbonate, 
hydrogen carbonate, hydrogen phosphate, chloride and fluoride and cations such as 
magnesium. 

The vesicles of the present invention may contain pharmaceutically active 
compounds including compounds which assist the binding of the coating to existing 
bone (bone growth factors), treat a specific bone disease or any diseased region 
adjacent to bone, or relieve pain. In particular, the vesicles of the present invention 
may contain compounds for the treatment of tumours such as -^^P or ^^Sr containing 
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compounds, compounds for the reduction of pain arising from tumours such as 
narcotic analgesics (which may be administered in lower doses according to the 
invention as they may be administered at the site of the tumour), compounds for the 
reduction of osteoclast activity caused by tumour cells such as indomethacin, 
prostoglandins and interleuken 6 inhibitors as well as those compounds which treat 
specific bone diseases such as osteoporosis, for example, parathyroid hormone, 
vitamin D derivatives, bisphosphanates, bone morphogenetic proteins and antibiotics, 
or mixtures thereof. 

It has been found that the vesicles of the present invention may be readily 
obtained by forming them in an aqueous mixture comprising a phospholipid and then 
calcifying said vesicles by contacting them with an aqueous solution comprising 
calcium and phosphate ions. 

The phospholipid concentration in the aqueous mixture should be below the 
concentration at which agglomeration of the phospholipid may occur. Preferably the 
phospholipid concentration is from 5 x 10"^ to 1 x lO'^g per cm-^, more preferably 
from 5 X 10'^ to 7.5 x 10''*g per cm^ and most preferably from 2.5 x 10'"^ to 5 x lO'^g 
per cm-*. 

The vesicles can be formed by agitating the aqueous mixture comprising a 
phospholipid as described above. This can be achieved by stirring but preferably the 
mixture is agitated by high-frequency sound waves having a frequency and power 
sufficient to form an emulsion. Preferably the frequency of sonication is from 20 to 
30 kHz. 

The temperature of agitation should be below the boiling point of the aqueous 
mixture. It should also be below the temperature at which degradation of the 
phospholipid may occur. Preferably the temperature of agitation is below 70 ^^C, more 
preferably it is below 50°C and most preferably it is about room temperature. 

The agitation time is dependent upon the method of agitation and the 
concentration of the aqueous mixture. Preferably the mixture is agitated for a time 
sufficient to form an emulsion or until no further vesicles are formed i.e. a steady 
state is reached. If the mixture is sonicated the agitation time for a mixture with a 
concentration of 5 x lO'^g of phospholipid per cm-^ of aqueous mixture is generally 
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from 15 minutes to 2 hours, especially about 1 hour. If a mixture of the same 
concentration is stirred to form the vesicles then 30 minutes to 4 hours, more 
preferably 1 hour to 3 hours and most preferably about 2 hours. 

One or more alcohols may be incorporated into the aqueous mixture to 
increase vesicle size in accordance with known methods. The alcohol is typically 
methanol, ethanol, propanol or butanol. Preferably the alcohol is ethanol. The 
concentration of the alcohol is generally below the concentration at wWch the 
phospholipid begins to dissolve. Preferably the alcohol concentration is no more than 
about 10% by volume of the aqueous mixture. 

Other components which may be added to the aqueous mixture include, for 
example, surfactants and pharmaceutical ly active compounds. Preferred surfactants 
include anionic surfactants, for example esters of carboxyls, sulphates and 
phosphates. Use of surfactants can reduce the agitation time required to produce the 
vesicles. 

Settling of the vesicles after agitation may be prevented by, for example, 
magnetically stirring using a low shearing rate. 

Calcification of the vesicles can be carried out by contacting the phospholipid 
vesicles with an aqueous solution comprising calcium and phosphate (P04^*) ions. • 
Typically the ratio of calcium to phosphate ions is from 1:1 to 2:1 , preferably from 
1.4:1 to 2:1 and more preferably about 1.5:1. 

The source of calcium ions in the solution is any water soluble organic or 
inorganic calcium compound, preferably calcium chloride or calcium nitrite and 
more preferably calcium nitrate. 

The source of phosphate ions in the solution is any water soluble phosphate 
compound, preferably an orthophosphate, for example, a potassium orthophosphate, 
especially di-potassium hydrogen orthophosphate trihydrate. 

As indicated above, other ions may be incorporated into the layer comprising 
calcium phosphate. For example, carbonate and hydrogen phosphate ions may be 
added to increase the resorption rate in the body whereas chloride, fluoride and 
magnesium ions may be added to decrease the resorption rate. 

In particular, carbonate ions may be added to the aqueous solution of calcium 
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and phosphate ions to vary the crystallinity and stoichiometry of the calcified layer. 
The maximum concentration of carbonate ions will depend on pH, temperature and 
the presence of other ions. It will be appreciated, though, that the calcified layer is 
preferably a calcium phosphate layer or a substituted calcium phosphate layer. The 
source of carbonate ions is any soluble carbonate or hydrogen carbonate compound 
and is preferably potassium hydrogen carbonate or sodium hydrogen carbonate. 

Calcification may be performed by simultaneously contacting the vesicles 
with calcium and phosphate ions or by introducing the vesicles into a calcium 
solution, for example, for about two hours, prior to the addition of phosphate ions. 

The time for which the vesicles are contacted with the calcifying solution 
affects the thickness of the outer layer formed on the vesicles. Typically after about 1 
hour the thickness of the layer is about 10 nm. The thickness of the layer (coupled 
with its porosity) may affect the rate at which the vesicles are broken down in the 
body and the rate of release of any pharmaceutically active compounds from within 
the vesicles. Preferably the coat thickness is from 5 to 50 nm, more preferably about 
5 to 20 nm and most preferably about 1 0 nm. 

In another aspect, the present invention provides a hydrophobic droplet 
comprising 

a) a hydrophobic core, 

b) an inner layer which comprises a surfactant, and 

c) an outer layer which comprises calcium phosphate. 

The hydrophobic core preferably comprises a solid or liquid hydrocarbon or 
lipidr-It may further comprise water insoluble pharmaceutically active compounds. 

The surfactant may be any surfactant which can reduce the surface energy of 
the non-aqueous droplet. It may also provide an active site for calcium phosphate 
deposition. Preferably the surfactant is an anionic surfactant, for example an ester of 
a carboxyl, sulphate or phosphate. 

It has been found that the hydrophobic droplets of the present invention may 
be readily obtained by forming hydrophobic droplets in an aqueous mixture 
comprising a hydrophobic liquid or solid and a surfactant. The droplets are then 
calcified by contacting them with an aqueous solution comprising calcium and 
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phosphate ions and, optionally, other ions, as discussed above. 

The hydrophobic droplets of the present invention may be formed by 
agitation and subsequent calcification as described above. 

The size of the vesicles and hydrophobic droplets of the present invention is 
generally from 100 nm to 10 /^m, preferably at least 300 nm and more preferably at 
least 1 /urn. Size may be increased to over 1 jum by addition of an alcohol, for 
example, ethanoi, to the aqueous mixture prior to agitation. The size of the vesicles 
or droplets may also be controlled by extrusion processes using, for example, 
hypodermic syringes or porous membranes. 

In a further, aspect the present invention provides a solid substrate wherein 
regions of said substrate have attached thereto a layer comprising the vesicles or 
droplets described above with other region or regions having no vesicles or droplets 
attached thereto. Such substrates may find application in the treatment of bone 
disorders and/or the in vitro delivery of pharmaceutical ly active compounds. 

The substrates which can be coated may be electrically conductive over all or 
part of their surface. They may be, for example, metals such as gold, plastics or 
ceramics coated with metal over all or part of their surface, metals partially coated 
with plastic, or semi-conductors. Preferably the substrates have non-conducting 
regions on their surfaces of from 10 jum to 2 mm in diameter and more preferably the 
regions are about 150 in diameter. 

The substrates may be coated using an electrolytic deposition process or by 
applying vesicles or droplets of the present invention in the form of a powder. 
Preferably the substrates are electrolytically coated. 

The electrolytic deposition process may be carried out in an aqueous solution 
at a pH of from 5 to 11, preferably 6 to 8, more preferably about 7.4. The form of the 
calcium phosphate deposited may vary with pH. For example, at high pH 
hydroxyapatite may be deposited whereas at low pH brushite may be deposited. 

The temperature of deposition is generally below 100°C; preferably below 
TO^'C and more preferably about 50°C. 

A salt such as, for example, potassium chloride may be added to the solution 
to maintain supersaturation by keeping a high background ionic strength and act as 



wo 00/00177 



PCT/GB99/02005 



-7- 

an electrolyte. Alternatively, calcium and phosphate can be added during the 
precipitation process to maintain supersaturation. 

The coating thickness does, of course, increase with deposition time. For 
example, after a deposition time of 1 hour the coating thickness is about 2 jum. 
Multiple depositions may be performed or deposition time prolonged to access 
thicker coatings, for example coatings of about 20 /^m. 

Coatings may be formed from mixtures of the vesicles and/or droplets of the 
present invention. Thus different regions on the surface of the substrates may be 
coated with different types of vesicles or droplets. For example, a non-conducting 
pattern may be applied to the substrate prior to the first deposition. After the first 
deposition using one or more types of vesicle and/or droplet of the present invention 
the non-conducting pattern may be removed and a second deposition performed 
using different vesicles and/or droplets according to the invention. Alternatively, for 
example, a metal substrate is coated. It may then be subjected to a partial etching or 
lithographic process and a second deposition performed in a different solution of 
vesicles and/or droplets. Use of a variety of vesicles and/or droplets may allow the 
release of pharmaceutically active compounds in the coating to be controlled. For 
example, compounds incorporated into vesicles or droplets with a thin coating will 
be released more rapidly than compounds incorporated into vesicles or droplets with 
a thick coating. 

The present invention is further illustrated, merely by way of example, with 
reference to the figures in which: 

Figure 1 shows a schematic of the experimental apparatus used for 
electrolytic deposition of the vesicles and droplets of the present invention onto the 
surface of substrate plates. 

Figure 2 shows an X-ray diffraction trace of calcified vesicles formed in a 
calcification solution comprising carbonate ions at atmospheric concentration. The 
trace shows peaks diagnostic of HA. 

Figure 3 shows a schematic illustration of the structural hierarchy and graded 
porosity in the coatings of the present invention. It will be appreciated that the first 
order porosity concerns the spacing between the deposits, the second order porosity 
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concems the porosity of the vesicles before calcification and the third order porosity 
concerns the porosity of the calcium phosphate layer. As discussed above all of these 
three can be varied by appropriate manipulation of the process parameters. 

The Examples which follow further illustrate the present invention with 
reference to the figures. 

Examples 

Coatings were examined using a Jeol 840 PEG SEM using an accelerating 
voltage of 2 kV. Phase determination was carried out on a Phillips PW 1710 X-ray 
diffractometer. Fourier Transform Infra-Red spectroscopy was performed on an ATI 
Mattson Genesis Series Spectrometer in the wavenumber range 4000 to 400 cm\ 

Vesicle Formation 

5 or 1 0 mg or L-a-Phosphatidycholine or L-a-Phosphatidylserine (both from 
Sigma, U.K.) were sonicated (i.e., agitated by high-frequency sound waves) using a 
Kerry Ultrasonics Ltd ultrasonic stirrer in 20 ml of distilled water for up to one hour 
at room temperature to form spherical vesicles. After sonication settling of the 
vesicles was prevented by magnetic stirring using a low shearing rate. These 
phospholipids are well known to show a high affinity for calcium binding. 

Calcification of Vesicles 

The sonicated solution was added to a calcium phosphate (CaP) working 
solution. This working solution was made up as follows: solutions of 1 .75 mM [Ca] 
were made up of Ca/P ratio=5/3 using analytical grade calcium nitrate tetrahydrate, 
Ca(N03)2.4H30 and di-potassium hydrogen orthophosphate trihydrate, 
K2HPO4.3H2O (both from Aldrich, U.K.) in distilled water. Carbonate ions were 
incorporated using potassium hydrogen carbonate, KHCO3 (from Adrich, U.K.). 
Carbonate ions were added to correspond to the following concentrations: (i) 
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atmospheric CO, (1.445 x lO"' M), and (ii) physiological [CO3--] (1.6 x 10'^ M). 
Deposition of Vesicles 

A platinum anode and a 304 stainless steel cathode were placed in the 
supersaturated solutions prepared as described above. The electrodes were connected 
to a Phillips PM2831 programmable power supply capable of both constant current 
(CC) and constant voltage (CV) characteristics. Calcium ion concentration, pH and 
temperature were monitored using an ION85 meter (Radiometer Ltd, Copenhagen), 
from which the supersaturation was measured. All experiments were performed at 
50°C, staning pH 7.4, working solution 1.75 mM [Ca-^], O.IM KCL with a working 
electrode spacing of 2.25 cm and 2.2V applied potential. As well as the lipid/water 
solutions, additional solutions were prepared incorporating an alcohol (ethanol) into 
the lipid solution to be sonicated. Calcification and deposition of the vesicles was 
performed in the same manner as previously described. At the deposition temperature 
of 50 ''C, the alcohol slowly evaporates, resulting in an increased vesicle size. 
Because phospholipids are highly soluble in alcohols, the percentage volume of 
alcohol in the sonicated solution was limited to 10% (2 ml). The experimental set-up 
is detailed in Figure 1 . 

There was no change in the solution as the temperature was raised from the 
vesicle preparation temperature (ambient room temperature) up to the deposition 
temperature of 50°C. Because the vesicles were formed before introduction into a 
calckim wntaining media, all calcification occurred on the outer surface of the 
vesicles. This was confirmed by SEM examination of the coatings. 

XRD and FT-IR of coatings prepared with a carbonate concentration equal to 
atmospheric equilibrium indicated that the deposits comprised near stoichiometric 
hydroxyapatite, with very low levels of carbonate. These did not show up in the XRD 
traces (Figure 2) but peaks attributable to CO3"' were seen in the FT-IR spectra. At 
higher carbonate concentrations the XRD traces were similar, but the carbonate 
bands in the FT-IR spectra were more intense. 

SEM investigations of coatings prepared using 5 mg phospholipid indicated 
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that surface coverage was typically less than 50%. Coatings prepared from 10 mg 
lipid solutions exhibited greater coverage such that the substrate was not visible 
under SEM. Phosphatidylcholine coatings were chosen for examination under the 
Jeol FEG-SEM because a comparison of five of these coatings with those prepared 
using phosphatidylserine showed that % cover was greater with the 
phosphatidylcholine. 

SEM of phosphatidylcholine (10 mg) coatings showed that the vesicle size 
ranged from 300 nm for aqueous solutions, up to 1 yum for solutions incorporating 
alcohol. It is thus possible to vary the vesicle size by choice of solutions properties. 

The calcified wall thickness was determined to be about 10 nm, for a vesicle 
suspension exposed to calcium ions for a period of one hour. The calcified wall 
thickness increases with exposure time to calcium ions. 

Coating thickness (i.e. after impingement of spheres onto the substrate) 
increases with deposition time. By varying the deposition time, coatings of the 
required thickness may be obtained. 



